Sophisticated tongue movements are coordinated finely via cortical control. We elucidated the cortical processes associated with voluntary tongue movement. Movement-related cortical fields were investigated during self-paced repetitive tongue protrusion. Surface tongue electromyograms were recorded to determine movement onset. To identify the location of the primary somatosensory cortex (S1), tongue somatosensory evoked fields were measured. The readiness fields (RFs) over both hemispheres began prior to movement onset and culminated in the motor fields (MFs) around movement onset. These signals were followed by transient movement evoked fields (MEFs) after movement onset. The MF and MEF peak latencies and magnitudes were not different between the hemispheres. The MF current sources were located in the precentral gyrus, suggesting they were located in the primary motor cortex (M1); this was contrary to the MEF sources, which were located in S1. We conclude that the RFs and MFs mainly reflect the cortical processes for the preparation and execution of tongue movement in the bilateral M1, without hemispheric dominance. Moreover, the MEFs may represent proprioceptive feedback from the tongue to bilateral S1. Such cortical processing related to the efferent and afferent information may aid in the coordination of sophisticated tongue movements.
a b s t r a c t
Sophisticated tongue movements are coordinated finely via cortical control. We elucidated the cortical processes associated with voluntary tongue movement. Movement-related cortical fields were investigated during self-paced repetitive tongue protrusion. Surface tongue electromyograms were recorded to determine movement onset. To identify the location of the primary somatosensory cortex (S1), tongue somatosensory evoked fields were measured. The readiness fields (RFs) over both hemispheres began prior to movement onset and culminated in the motor fields (MFs) around movement onset. These signals were followed by transient movement evoked fields (MEFs) after movement onset. The MF and MEF peak latencies and magnitudes were not different between the hemispheres. The MF current sources were located in the precentral gyrus, suggesting they were located in the primary motor cortex (M1); this was contrary to the MEF sources, which were located in S1. We conclude that the RFs and MFs mainly reflect the cortical processes for the preparation and execution of tongue movement in the bilateral M1, without hemispheric dominance. Moreover, the MEFs may represent proprioceptive feedback from the tongue to bilateral S1. Such cortical processing related to the efferent and afferent information may aid in the coordination of sophisticated tongue movements.
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Introduction
Movement-related cortical activation associated with selfpaced voluntary movement, which is known to reflect central motor control processes, has been examined using electroencephalography (EEG) and magnetoencephalography (MEG). Although examining movement-related cortical activation with EEG and MEG has shown that the most prominent reflection of finger movement is in the sensorimotor area, EEG has limited spatial resolution, as the low conductivity of the skull causes the cortiAbbreviations: BP, Bereitschaftspotential; CMC, Cortico-muscular coherence; ECD, equivalent current dipole; EEG, electroencephalography; EMG, electromyogram; EOG, electrooculogram; HPI, head position indicator; M1, primary motor cortex; MEFs, motor-evoked fields; MEG, magnetoencephalography; MFs, motor fields; MRI, magnetic resonance image; post-MF, post-movement fields; RFs, readiness fields; ssMRMFs, steady-state movement-related magnetic fields; S1, primary somatosensory cortex; tSSS, temporal extension of Signal Space Separation.
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cal signals to spread (Vaughan et al., 1968; Deecke et al., 1969; Shibasaki et al., 1980; Cheyne and Weinberg, 1989) ; therefore, we used MEG in the present study.
Analysis of movement-related cortical fields (MRCFs) obtained using a whole-head MEG system during unilateral finger movement revealed that the spatiotemporal information processing of pre-and post-movement changes occurred in the primary sensorimotor cortex, with contralateral hemisphere dominance (Nagamine et al., 1996; Oishi et al., 2004) . During self-paced finger movement, slow pre-movement motor fields, referred to as readiness fields (RFs), begin about 0.5-1 s prior to movement onset (Kristeva et al., 1991) . They reach their maximal amplitude around movement onset, whereupon they are called motor fields (MFs). After movement onset, movement evoked fields (MEFs) appear. It has been demonstrated that MFs and MEFs originate from different cortical mechanisms: MFs mainly reflect the preparation and control of movement in the primary motor cortex (M1), while MEFs mainly reflect proprioceptive feedback from the muscles to the primary somatosensory cortex (S1) (Shibasaki and Hallett, 2006) .
Although the cortex may contribute to the fine-tuning of tongue movement during speech and swallowing, little is known about the http://dx.doi.org/10.1016/j.neures.2016.11.010 0168-0102/© 2016 Elsevier Ireland Ltd and Japan Neuroscience Society. All rights reserved.
